Helicobacter pylori produces acute superficial gastritis in nearly all of its human hosts. However, a subset of individuals develops chronic atrophic gastritis (ChAG), a condition characterized in part by diminished numbers of acid-producing parietal cells and increased risk for development of gastric adenocarcinoma. Previously, we used a gnotobiotic transgenic mouse model with an engineered ablation of parietal cells to show that loss of parietal cells provides an opportunity for a H. pylori isolate from a patient with ChAG (HPAG1) to bind to, enter, and persist within gastric stem cells. This finding raises the question of how ChAG influences H. pylori genome evolution, physiology, and tumorigenesis. Here we describe the 1,596,366-bp HPAG1 genome. Custom HPAG1 Affymetrix GeneChips, representing 99.6% of its predicted ORFs, were used for whole-genome genotyping of additional H. pylori ChAG isolates obtained from Swedish patients enrolled in a casecontrol study of gastric cancer, as well as ChAG-and cancerassociated isolates from an individual who progressed from ChAG to gastric adenocarcinoma. The results reveal a shared gene signature among ChAG strains, as well as genes that may have been lost or gained during progression to adenocarcinoma. Wholegenome transcriptional profiling of HPAG1's response to acid during in vitro growth indicates that genes encoding components of metal uptake and utilization pathways, outer membrane proteins, and virulence factors are among those associated with H. pylori's adaptation to ChAG. acid regulation ͉ comparative microbial genomics ͉ ecogenomics ͉ functional genomics ͉ gastric cancer
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n the United States and Canada, as well as in Northern and Western Europe, 5-15% of children and 10-60% of adults harbor Helicobacter pylori. The prevalence is much higher elsewhere. For example, in Bangladesh, Ͼ50% of 2-to 9-year-old children from rural families are infected (1) (2) (3) . Once acquired in childhood, this bacterium is able to establish a life-long relationship with its host (4) .
H. pylori infection presents a therapeutic conundrum: The vast majority of hosts are asymptomatic and do not develop severe pathology. Moreover, H. pylori may benefit us by protecting against gastroesophageal reflux disease (5) and esophageal cancer (6) . However, the risk of gastric cancer, which caused 10% of all cancer deaths worldwide in the year 2000 (7) , is twice as high for infected individuals (8) . Thus, one challenge is to identify H. pylori-bearing hosts who are at greatest risk for developing severe pathology and to target treatment to this population.
Virtually all individuals who become infected with H. pylori develop acute superficial gastritis; a subset progress to chronic atrophic gastritis (ChAG). ChAG is associated with loss of two of the three principal epithelial lineages in the stomach: acidproducing parietal cells and pepsinogen-expressing zymogenic (chief) cells. Both H. pylori infection and ChAG are associated with increased risk of gastric cancer (9, 10) . Reports have appeared describing regression of histopathology after H. pylori eradication, leading to the suggestion that screening and treatment of these at-risk patients may be a cost-effective strategy for reducing gastric cancer (11, 12) .
Although the frequency and persistence of H. pylori infection in humans make it an attractive model for examining the coevolution and coadaptation of a gut bacterium and its host over a significant fraction of an individual's life span, genetic and environmental variations among humans and colonizing strains have made it difficult to develop hypotheses about the contributions of microbial and host factors to the evolution of H. pylori-associated pathology.
Just as gastric pathology can evolve during what is typically a lifelong infection, the organism is also strongly suspected of being able to adapt to the changes that it induces in its gastric environment. This view is supported by reports of rapid loss of clonality during infection, the high rates of mutation and recombination observed in H. pylori, and the bacterium's natural competence (13) (14) (15) . In a pioneering study, Israel et al. (13) examined the evolution of H. pylori in the setting of acid-peptic disease. At the time, two H. pylori genome sequences were available: 26695, obtained from a patient with superficial gastritis, and J99, obtained from a patient with duodenal ulcer disease (16, 17) . The patient from whom J99 was obtained refused antimicrobial treatment and underwent repeat esophagogastroduodenoscopy 6 years later. The patient's gastric pathology exhibited no significant change and no evidence of ChAG was reported. DNA microarrays containing PCR-amplified ORFs from J99 and 26695 were used to characterize 13 strains isolated at the time of the second esophagogastroduodenoscopy. The results confirmed that all isolates were related to the original J99 isolate, yet all were distinct. Each strain had lost some genes that were present in the J99 isolate but had also acquired genes that are similar to those found in the genome of strain 26695. One tantalizing explanation is that a strain similar to 26695 was transiently present in the patient colonized with J99 (13) . Based on these findings, we can envision a scenario in which (i) J99 was well adapted to the gastric habitat of this patient with stable duodenal ulcer disease, (ii) variation in the H. pylori population was dominated by gain or loss of ''variable'' genes, whereas mutation in conserved genes was selected against, and (iii) other incoming strains were unable to establish a foothold in the habitat. This picture is one of neutral genetic drift within a highly adapted population in a stable habitat. When the habitat changes, we would expect to see directional selection acting to accumulate mutations and genes that increase fitness (18, 19) ; this could, potentially, result in loss of diversity as selective sweeps go through the population (20, 21) . Thus, searching for adaptive selection and loss of diversity in strains that have survived a transition in gastric pathology would be an excellent method for identifying candidate biomarkers (single nucleotide mutations or entire genes) whose presence predicts pathology. Such biomarkers would be valuable for clinical diagnostics and for understanding the molecular interplay between H. pylori and the host that results in pathology. In an extreme case, it may be that progression of gastric pathology allows a transient or cocolonizing strain that is preadapted to the new gastric habitat to totally displace the initial infecting strain. Testing these hypotheses relies critically on a characterization, over time, of the ''pan-genome'' (22) of the H. pylori population that resides within individuals with different (evolving) gastric pathologies.
A finished genome sequence has not been described for a H. pylori strain from a patient with ChAG or gastric adenocarcinoma. We have recently used a gnotobiotic transgenic mouse model of ChAG to show that (i) loss of acid-producing parietal cells stimu- lates proliferation of gastric epithelial stem cells, expanding their census in the stomach, and (ii) a H. pylori isolate (HPAG1) from a patient with ChAG (23) can establish residency in these progenitors (24) . Here we present the complete genome sequence of strain HPAG1. In addition to identifying HPAG1 strain-specific genes, we use custom HPAG1 GeneChips containing probesets representing 99.6% of its protein-coding genes to identify acid-regulated genes during growth at pH 5.0 and 7.0 and to genotype five other ChAG strains from the same Swedish case-control study of gastric cancer that yielded HPAG1. We have also genotyped isolates recovered from a patient with ChAG and from the same patient 4 years later, when pathology had progressed to gastric adenocarcinoma. The results provide a genome-wide view of H. pylori's adaptations to ChAG and its sequelae.
Results and Discussion
Features of the HPAG1 Genome. HPAG1 was isolated from an 80-year-old female enrolled in a Swedish case-control study of gastric adenocarcinoma (23) and was subjected to minimal passage before we prepared DNA for whole-genome shotgun sequencing. HPAG1 is a type 1 strain containing two well described virulence factors, vacA (genotype s1b͞m1) and cagA, and is able to induce interleukin-8 production by a human gastric adenocarcinoma cell line (AGS) (25) . Studies using germ-free transgenic mice that express a human ␣-1,3,4 fucosyltransferase in their mucusproducing pit cell lineage and using germ-free transgenic mice with an attenuated diphtheria toxin A fragment (tox176)-mediated ablation of parietal cells that results in amplification of gastric stem cells disclosed that HPAG1 binds to two classes of epithelial glycan receptors: Lewis b , which is produced by gastric surface mucous cells in the majority of humans, and sialyl-Lewis x , which is synthesized by gastric epithelial progenitors (25) . HPAG1 has a 1,596,366-bp circular chromosome and a single 9,369-bp plasmid, pHPAG1 ( Fig. 3 and Table 2 , which are published as supporting information on the PNAS web site). The chromosome contains 1,536 predicted protein-coding genes. Fortythree of these genes are either not detectable at all or incompletely represented in the 26695 and J99 genomes (see Table 3 , which is published as supporting information on the PNAS web site). Three of the 43 genes (HPAG10313, HPAG10314, and HPAG11485) have BLASTX best hits to members of restriction-modification (R-M) systems from other bacterial species. Components of R-M systems are frequently exchanged between microbes and undergo rapid evolution. Every clinical H. pylori isolate is believed to have a unique complement of type II R-M systems, each of which consists of two enzymes, a restriction endonuclease for degrading foreign DNA, and a methyltransferase for protecting endogenous DNA (26) .
The predicted products of 15 of the 43 genes have high homology (BLASTX best hit e value Ͻ 1e-05) to other proteins reported in various H. pylori strains. Two are encoded by ORFs in the HPAG1 cytotoxin-associated gene (cag) pathogenicity island (PAI): HPAG10496, which is present in many Swedish H. pylori isolates (27) , and HPAG10523, a protein of unknown function first identified in strain NCTC11638 (28) . Four others are related to R-M system components. Another, HPAG11382, has high homology to CagY but is located outside HPAG1's cag PAI. CagY forms part of the core pilus-like structure of the type IV secretion system required for CagA translocation into gastric epithelial cells; introduction of CagA leads to activation of a kinase cascade that produces morphological changes in host cells and induces interleukin-8 (29, 30) .
HPAG1 lacks 29 of the 1,408 genes present in both 26695 and J99; 5 of these missing genes are members of R-M systems, 2 are members of the cag PAI, 1 is an outer membrane protein, 1 is a putative integrase͞recombinase, and 20 have unknown functions. The 26695-or J99-specific genes missing in HPAG1 include transposases (e.g., members of IS605 and IS606) and R-M system-related components, but most do not have assigned functions and are located in their ''plasticity zones'' (Table 4 , which is published as supporting information on the PNAS web site).
The results of our analysis of synteny, evidence for plasmidmediated gene transfers, plus comparisons of Cluster of Orthologous Groups (COG)-and Kyoto Encyclopedia of Genes and Genomes (KEGG)-based functional annotations of the HPAG1, 26695, and J99 proteomes are presented in Supporting Text, Figs. 3 and 4, and Table 5 , which are published as supporting information on the PNAS web site.
HPAG1 GeneChip. We designed a custom Affymetrix HPAG1 GeneChip containing probe sets to 1,530 of the strain's predicted 1,536 chromosomal protein-coding genes and 7 of the 8 predicted plasmid-associated genes (average number of perfect-match͞single base-mismatch oligonucleotide probe pairs per predicted ORF ϭ 11; see Table 6 , which is published as supporting information on the PNAS web site). Our first objective was to perform whole-genome genotyping of additional isolates obtained from Swedish patients Gressmann et al. (33) . ORFs that are present in the former data set and absent from the latter are listed above, and the hypothetical proteins without assignable COGs are listed in Table 7 . Because Gressmann et al. (33) used DNA microarrays consisting of 26695 and J99 ORFs, we converted the 1,150 ''universally present'' ORFs to HPAG1 gene identifiers to perform the comparison. Among the 1,150 ORFs, 1,146 are represented in the HPAG1 genome. *Genes in boldface indicate ChAG-associated genes that are also acid-regulated in HPAG1.
with ChAG who were enrolled in the same case-control study that yielded HPAG1 (23) as well as ChAG-and cancer-associated single-colony isolates recovered from a single Swedish patient. This patient had been enrolled in a study whose original purpose was to design a valid esophagogastroduodenoscopy survey for a general adult population (the Kalixanda study; refs. 31 and 32), and had progressed from ChAG to gastric adenocarcinoma during a 4-year interval between endoscopies. We hoped that we could obtain a ChAG gene signature by comparing the genotypes of all these ChAG strains to 56 isolates that had been recovered from individuals living throughout the world, without regard to their gastric pathology (33), and to characterize H. pylori genome evolution during the transition from ChAG to gastric adenocarcinoma. Our second objective was to use the GeneChips for whole-genome transcriptional profiling of HPAG1 to verify our gene predictions and to identify genes regulated by exposure to acidic conditions in vitro, including those that are associated with ChAG.
Whole-Genome Genotyping of ChAG Strains. We analyzed HPAG1, five other ChAG isolates from the case-control study that had provided us with HPAG1, and two ChAG isolates from the patient in the Kalixanda study obtained before progression to gastric adenocarcinoma. Whole-genome genotyping with our HPAG1 GeneChip revealed 1,025 genes that were present in all of the ChAG strains and 12 genes (encoding hypothetical proteins) that were unique to HPAG1. Components of R-M systems, transposases, and cag PAI genes were included among the HPAG1 genes that were variably present in the other seven ChAG strains (see Figs. 5 and 6, which are published as supporting information on the PNAS web site). The 1,025-member ChAG gene ''signature'' was further distilled by comparing it to the H. pylori ''pan-genome'' defined by Gressmann et al. (33) from their analysis of 56 ''global'' H. pylori strains. Their analysis was based on DNA microarrays containing PCR products from 98% of the ORFs present in the 26695 and J99 genomes.
One hundred and twenty-one of the 1,025 genes represented in all eight of our ChAG strains were not on the list of 1,150 genes identified as being present in all 56 global isolates. These 121 genes, which we defined as ''ChAG-associated,'' are listed in Table 1 and  Table 7 , which is published as supporting information on the PNAS web site (Table 7 lists genes encoding hypothetical proteins that are not assignable to COGs). The ChAG-associated genes include Hop family members predicted to function as porins and adhesins (such as HopZ; ref. 34) , genes involved in forming the molybdenum cofactor for metalloenzymes that participate in metabolism of nitrogen, sulfur, and carbon-containing substrates, as well as genes encoding components of R-M systems.
Another group of ChAG-associated genes is related to utilization of iron and other metals: the ferric uptake regulator ( fur; HPAG10420; refs. 35 and 36) , an iron (III) dicitrate transport protein (HPAG11469), and a nickel storage protein (histidine-rich metal-binding polypeptide; hpn; HPAG11352; ref. 37) . Acid keeps ferric iron in solution until it reaches sites of absorption in the small intestine (38) . Presumably, in the hypo-or achlorhydric ChAG environment, H. pylori must cope with a change in ferric iron availability and must compete for metals with members of the intestinal microbiota that are now able to reside in the stomach because of loss of the acid barrier to colonization.
pH-Regulated HPAG1 Genes. To characterize the impact of pH on expression of the ''ChAG-associated'' and other HPAG1 genes, we conducted whole-genome transcriptional profiling of HPAG1 during in vitro growth at pH 5.0 and 7.0. To do so, we grew HPAG1 in liquid culture at pH 7.0 to mid-log phase. The culture was then divided; one half was exposed to pH 5.0, whereas the other half was maintained at pH 7.0. Samples were collected 1 h and 3 h later, and transcriptional profiles from the two pH conditions (at each time point) were compared with each other. The experiment was performed on three separate occasions, providing triplicate data sets for each time point and pH. Combining ''present'' calls from all experimental conditions, we found that 99.9% of the predicted ORFs in HPAG1 were transcribed, providing validation for our HPAG1 gene annotation.
We used DNA-CHIP ANALYZER (DCHIP) software (39) to identify differentially expressed genes at pH 5.0 compared with pH 7.0 at each of the two time points. A total of 12 genes were defined as up-regulated, and 177 were identified as down-regulated at 1 h and͞or 3 h after the shift from pH 7.0 to pH 5.0 (selection criteria: 2-fold change in expression; absolute difference in expression Ն100, p value for paired t test Յ0.05; 100% ''present'' call in the upregulated condition for a given probe set) (see Fig. 1 for a subset of the genes and Table 8 , which is published as supporting information on the PNAS web site, for a complete list of these acidregulated genes).
Transcripts up-regulated at pH 5.0 included the ChAGassociated gene fur, two quinone-reactive Ni͞Fe hydrogenases, four heat shock-responsive genes͞chaperones, and a plasmid-associated gene of unknown function (HPAG1p006). Genes down-regulated at pH 5.0 include those involved in coenzyme transport and metabolism, especially components engaged in synthesis of molybdenum cofactor (molybdenum covalently bound to molybdopterin), as well as genes that participate in cell wall͞membrane biogenesis (e.g., lipid A disaccharide synthetase, type 1 capsular polysaccharide biosynthesis protein J, and a predicted LPS 1,2-glycosyltransferase) (Fig. 1) . Two members of the cag PAI, VacA and cytotoxinassociated gene PAI protein 4, were represented in this group of gene products down-regulated under more acidic conditions; the latter protein is essential for CagA translocation and interleukin-8 induction in epithelial cells (29) .
Given that hypochlorhydria is a major feature of ChAG, it seems reasonable to consider acid-regulated HPAG1 genes that are also components of the ChAG-associated gene signature as important for H. pylori's adaptation͞transition to this environment. Genes present in both datasets (shown in boldface in Table 1 ) include fur (HPAG10420), iron (III) dicitrate transport protein (HPAG11469), and three molybdenum cofactor biosynthesis genes (HPAG10783, HPAG10784, HPAG10785). Molybdenum cofactor-containing bacterial enzymes are involved in a variety of global metabolic reactions important for anaerobic growth. These enzymes include nitrate reductase, formate dehydrogenase, and trimethylamine N-oxide reductase (40); their increased expression under pH conditions resembling those encountered in a host with ChAG may help ChAG-associated strains to maintain their representation in a gastric microbiota that now contains intestinal microbes.
Stability of the HPAG1 Genome. We designed an experiment to assess HPAG1's potential for genetic diversification in a gastric ecosystem devoid of acid (and other microbial species) versus one that is fully capable of acidification. To do so, we surveyed HPAG1 strainspecific genes in 40 isolates of HPAG1 retrieved after a 56-week colonization of the stomachs of 12 germ-free tox176 transgenic mice with an engineered ablation of their parietal cells (32 isolates), and four normal littermates (8 isolates). tox176 animals and their nontransgenic littermates were colonized at 8 weeks of age with a single gavage of a common culture of HPAG1 started from a single colony. This experiment provided a highly controlled test of the effects of acid. (i) Animals were housed in a single gnotobiotic isolator but were grouped into cages based on their genotype (all tox176 or all normal littermates) to prevent exchange of strains from acid-containing to acid-free stomachs by way of coprophagy. (ii) All animals consumed the same autoclaved diet. (iii) Surveillance cultures verified that animals from each group were colonized only with H. pylori throughout the year-long experiment.
Sequencing of both strands of amplicons, generated by PCR of 26 HPAG1 strain-specific genes in the 40 isolates recovered from the two groups of mice, indicated that none of the genes were lost from any isolates and none had nucleotide sequence alterations (note that two of the genes surveyed are also members of the 121-member ''ChAG-associated'' gene list; see Table 9 , which is published as supporting information on the PNAS web site). We randomly selected four of the isolates (from two normal and two tox176 mice) for follow-up whole-genome genotyping with HPAG1 GeneChips. Consistent with the PCR data, there was no loss of any HPAG1 chromosomal genes in any of the isolates under these experimental conditions (data not shown).
Genes Associated with Progression from ChAG to Gastric Adenocarcinoma. We next used our HPAG1 GeneChips to compare the genotypes of the two ChAG strains obtained from the Kalixanda study patient before progression to gastric adenocarcinoma with the genotypes of two isolates recovered 4 years later, at the time of diagnosis of gastric cancer. The cag PAI genes present in the patient's ChAG isolates were also present in the cancer isolates (see Figs. 5 and 6). The nine genes ''gained'' in cancer-associated strains (i.e., not detected in the ChAG isolates) included D-alanine: D-alanine ligase A, a metalloprotease, a methionyl-tRNA formyltransferase, and a putative ribonuclease N. Genes involved in DNA repair (uracil-DNA glycosylase, a transcription-repair coupling factor, endonuclease III), and an outer membrane protein (P1) were among the six genes that were ''lost'' in the cancer-associated isolates (i.e., present in the patient's ChAG isolates) (Fig. 2) . Loss of DNA repair-related genes in these cancer strains suggests an increased propensity for genomic instability. Studies have shown how H. pylori's predisposition for diversity can be used to subjugate and circumvent the host immune response to achieve persistence (41) . It is intriguing that a trait that may evolve through adaptive selection or ''sweeps'' during the transition from ChAG to gastric adenocarcinoma is H. pylori's ability to diversify. Presumably, in the ChAG stomach H. pylori can diversify through a number of mechanisms, including loss of DNA repair enzymes and gain of new genes from a gastric ''microbiome'' (42) that now may be expanded because of the presence of intestinal microbes. This diversification could provide a fitness advantage that allows the organism to adapt more readily to a gastric ecosystem that is changing as a result of host-and microbe-mediated disease progression. Isolates of H. pylori that possess relatively stable genomes may represent ''deadends'' in terms of their capacity for promoting further adverse gastric pathology. Looking at an individual's H. pylori pan-genome and its potential for diversification (i.e., loss of certain R-M systems, DNA repair enzymes, and recombinases) may be useful as a predictor of future adverse outcomes.
Prospectus. We have also sequenced HPAG1 by using the recently introduced, highly parallel Genome Sequencer 20 System (GS-20) from 454 Life Sciences (Branford, CT) (J.X., E.R.M., and J.I.G, unpublished observations). In a single run of this instrument, 447,626 short-reads were collected (average quality value 20 read length, 106 bp). The ''short-read'' genome assembly, generated by using the Newbler assembler (43), contained 58 sequence contigs Ͼ600 bp, which together total 1,567,482 bp (N50 contig size ϭ 51 kb; N50 contig number ϭ 9). We were able to align 1,561,158 contig bases (99.6% of all of the contig bases) to 1,562,663 finished bases on the chromosome, i.e., the contigs generated by the GS-20 instrument covered 97.9% of the chromosome. The contiguity of this assembly was comparable with 8ϫ whole-genome shotgun assembly of reads from an Applied Biosystems 3730Xl capillary sequencer. The overall accuracy in aligned regions was 99.99%.
These results indicate that this instrument provides an opportunity to rapidly sequence multiple individual H. pylori isolates (or pooled groups of isolates) from single individuals and to define the organism's pan-genome as a function of the host and his͞her evolving pathology without having to rely on DNA microarrays based on a limited number of previously sequenced isolates. The results should provide information about qualitative and quantitative changes in genetic makeup (new mutations, allele frequencies) associated with progression to gastric adenocarcinoma, as well as general insights about H. pylori diversity and population structure͞ fitness. An obvious starting point for such a study would be to obtain deep draft sequences of H. pylori isolates recovered at each of the two time points described above for the patient who progressed from ChAG to adenocarcinoma, as well as of isolates from patients who did or did not progress from normal gastric histology to ChAG or who maintained their ChAG status over an extended period. (23) . Strains HPAG-KX1A1, HPAG-KX1C1, HPCa-KX2A2, and HPCa-KX2C1 were from the Kalixanda study (31, 32) . HPAG-KX1 strains were from an de-identified patient with ChAG (HPAG-KX1A1 from the antrum and HPAG-KX1C1 from the corpus). HPCa-KX2 strains were recovered from the same patient 4 years later after progression to gastric adenocarcinoma (HPCa-KX2A2 from the antrum and HPCa-KX2C1 from the corpus). The Kalixanda study was approved by the Ethics Committee of Umeå University in May, 1998. The histologic criteria used to score the patient's gastric biopsy are described by Storskrubb et al. (32) . According to then prevailing Swedish medical practices and the Institutional Review Board-approved study protocol, a histologic diagnosis of ChAG at the time of initial esophagogastroduodenoscopy was not considered an indication of H. pylori eradication.
Materials and Methods
All strains were grown under microaerophilic conditions (5% O 2 , 10% CO 2 , and 85% N 2 ) for 48-72 h at 37°C on brain-heart infusion agar, supplemented with 10% calf blood, vancomycin (6 g͞ml), trimethoprim (5 g͞ml), and amphotericin B (8 g͞ml). For liquid culture, bacteria were grown under microaerophilic conditions in brain-heart infusion broth supplemented with 5% FCS (Sigma) and 1% IsoVitaleX (Becton Dickinson) (adjusted to pH 7.0).
Sequencing of the HPAG1 Genome. Two whole-genome shotgun libraries were constructed from HPAG1 DNA: (i) a plasmid library with an average insert size of 4 kb and (ii) a fosmid library with an average insert size of 40 kb. A total of 9.5ϫ Phred quality value 20 (Q20) sequence coverage was obtained with an Applied Biosystems 3730XL capillary machine (7.4ϫ coverage from the plasmid library and 2.1ϫ coverage from the fosmid library). Traditional methods for finishing the genome sequence were used (for details, see
Materials and Methods in Supporting Text).
Details about using HPAG1 GeneChips for whole-genome genotyping and transcriptional profiling can be found in Supporting Text.
